Abstract-A transmitting lens antenna using Huygens matematerials is proposed. The type of metamaterial has a 100% transmission. For obtaining a high gain antenna, a patch antenna is placed at the focal point of the metasurface as a feed source, and then quasi-spherical wave can be transformed to plane wave. As demonstration of the concept, a lens antenna, working at frequency of 10 GHz is designed, fabricated and measured. Numerical and experimental results agree well with each other. The measured results show that the gain has been enhanced about 11.2 dB.
INTRODUCTION
Until now, meta-materials have attracted many scientists and engineers for their strong capabilities in manipulating electromagnetic (EM) wave-front, especially for meta-surfaces (MSs). Many advantages in meta-surfaces have led to various fascinating phenomena and practical applications, such as anomalous refraction/reflection [1] [2] [3] [4] [5] [6] [7] [8] [9] , conversion from propagation wave to surface wave [10, 11] , vortex beam [12, 13] , and holograms [14] [15] [16] [17] [18] . As a kind of MS, Huygens elements have been widely used in meta-devices design (i.e., metasurface realizing beam bending effect) due to their high transmission property [3] . Planar meta-lens, exhibiting unique converging property for the incident EM wave, has attracted a lot of attention, especially since the proposal of Pendry's super lens [19] . For instance, an ultrathin and flat meta-surface working in reflection geometry has been engineered, which solves impedance mismatch problem and can realize focusing effect efficiently [20] . Moreover, bifunctional reflective lens has been designed to achieve Luneburg lens and Maxwell-fisheye simultaneously [21] . For obtaining the high-gain antenna, many methods have been mentioned in recently years, such as utilizing arrays [22] , reflectors [23] , cavities [24] and lens antenna [25] . However, all conventional antenna arrays suffer from complex feed network. Reflectors always have a large profile which leads to difficult fabrication. Cavities, just as Fabty-perot, have the weakness of narrow bandwidth. A conventional transmitting MS needs two or three layers to achieve high gain, which makes its fabrication difficult with expensive cost. Multibeam antennas using a single metasurface aperture with a single source and multisource have been investigated in [26] . In this paper, Huygens meta-materials are designed for high-gain lens antennas to conquer the problems of high profile and hard fabrication. The focusing effect has been verified as well as its reverse effect.
Thus, the transmission phase has a flat slope due to the non-resonant property of the elements. The EM response of the elements is analyzed by using finite-difference time-domain (FDTD) simulator (CST) in Section 2, and the working principle to achieve 100% transmission amplitude with arbitrary phase is proposed. In Section 3, transmissive lens is engineered by these meta-atoms. Obviously, these meta-atoms satisfy a parabolic-phase profile. A patch antenna is put at the focal point to make the reverse effect, which can achieve the high-gain antenna. In Section 4, far-field measurement is performed to demonstrate its effect, which agrees well with the simulation. Finally, Section 5 concludes the whole paper.
ANALYSIS OF THE META-ATOMS
In this section, the working principle of a set of meta-atoms with total transmissions is presented. Huygens elements are chosen as the basic meta-atoms [3] . As shown in Fig. 1(a) , the EM wavefront is parallel to surface of the proposed meta-atoms, unlike the others which the EM wave-font is perpendicular to, and besides, what the system of our meta-atoms contain in this article is not only the meta-atoms themselves but also the air space around the meta-atoms. The mechanisms of the meta-atoms can be explained as shown in [26] . The simulated results by FDTD are:
where Z m and Z e are penetrable surface electric impedance and penetrable surface magnetic impedance; η is the wave impedance of the free space; R and T are the reflected and transmissive coefficients of the meta-atoms. When |T | = 1, R = 0, the theoretical results are:
where ϕ t is the transmission phase. The results can be seen in Fig. 1(e) , and they coincide well with each other. The final size of elements is obtained with different phases by using FDTD simulations. For example, a representative meta-atom is selected to further analyze the working principle, with its schematics shown in Fig. 1(a) . The meta-atom consists of two metallic layers, separated by a substrate with h = 1.5 mm, εr = 2.65 and tan δ = 0.003. Its working frequency is chosen at 10 GHz. 
TRANSMISSIVE LENS DESIGN
In this section, high-transmission coefficient meta-atoms are used to design the lens. The meta-surface should satisfy the following parabolic refraction-phase profile for the incident electric and magnetic (EM) waves with z direction propagation and y-polarized E field.
where k 0 = 2π/λ 0 is the propagation constant in free space, f 0 the focal distance, ϕ 0 the reference phase, and λ 0 the wavelength at the 10 GHz. f 0 = λ 0 = 30 mm is selected. To demonstrate the focal effect, 23 × 23 meta-atoms satisfy the phase-profile in the xoy-plane according to Eq. (1) for HMS design used. Fig. 2(b) show the transmission amplitude of each meta-atom and the transmitting phase distribution of the proposed meta-surface, respectively. It can be seen that all transmission amplitudes are over 0.9, even to 1. For exhibiting the focal characteristic, the simulation of the HMS has been completed. Fig. 3 (a) and Fig. 3(b) depict the simulated electric field with polarization parallel to y axis along the yoz -plane and xoz -plane, respectively. The EM wave in front of the MS is very weak, which means less reflection, and the focal effect is significantly excellent. The power distributions along the intersection lines of yozplane xoz -plane are shown in Fig. 4(a) and Fig. 4(b) , respectively. For making sure the location of focal point, the power distribution of center line (y = 0), shown in Fig. 4(c) is retrieved. The results show that the focal length f = 26 mm at 10 GHz. The focal point with a slight deviation can be explained by the finite-size effect. 
LENS ANTENNA DESIGN AND TEST
For obtaining the best performance of the lens antenna, the source antenna should be put at the focal point. Fig. 5(a) depicts the schematic of the source antenna, and Fig. 5(b) shows that the minimum reflection coefficient of the source antenna is at 10 GHz. Besides, the gain of the patch antenna is 6.5 dB. Thus, the meta-surface can be put in the front of the patch antenna. Figs. 6(a)-(d) depict the electric field (Ey) distribution in different intersections, and the wave-front becomes significantly flat when the patch antenna is with proposed meta-surface in both yoz-plane and xoz-plane. In order to measure the far-field radiation pattern of our lens antenna, a sample using PCB technique is fabricated. Fig. 7(a) and Fig. 7(b) show the top and bottom of the fabricated metalens, respectively. The lens antenna is put in a microwave anechoic chamber to test far-field radiation pattern. The simulated far-field results in 10 GHz of the lens antenna are shown in Fig. 8(a) , which suggests that the gain at 10 GHz is 18.5 GHz in simulation. As shown in Fig. 8(b) , the gain achieves 17.7 dB at 10 GHz, which is improved about 11.2 dB. Figs. 8(c) and (d) show the realized gain at 9.7 GHz and 10.4 GHz, respectively. It can be seen that the measured results coincide with the simulated ones, indicating that the incident wave from the feed source is split into y-polarized wave. Finally, we can get the 1-d gain bandwidth from Fig. 9 . It depicts the realized gain against frequency. Thus the 1-d gain bandwidth in simulation is from 9.7 GHz to 10.4 GHz, while in measurement it is from 9.7 GHz to 10.3 GHz, from which the consistence can be seen between the simulated and the measured results. 
CONCLUSION
In summary, a novel microwave lens antenna with a high gain of 17.7 dB by using Huygens meta-atoms is proposed. Each Huygens meta-atom introduces an electric structure and a magnetic structure, which can provide nearly 100% transmission by carefully designing the size of the structures. For practical demonstration, a meta-lens antenna working at 10 GHz is designed. The lens antenna advances in many aspects such as high gain, broad bandwidth as well as easy fabrication. The design provides a new method to design high-gain meta-device with other functionalities.
